To improve accuracy of dose calculation on kilovoltage cone beam computed tomography (kV CBCT) images, a custom-made phantom was fabricated to acquire an accurate CT number to electron density curve by full scatter of cone beam x-ray. To evaluate the dosimetric accuracy, 9 volumetric modulated arc therapy (VMAT) plans for head and neck (HN) cancer and 9 VMAT plans for lung cancer were generated with an anthropomorphic phantom. Both CT and CBCT images of the anthropomorphic phantom were acquired and dose-volumetric parameters on the CT images with CT density curve (CT CT ), CBCT images with CT density curve (CBCT CT ) and CBCT images with CBCT density curve (CBCT CBCT ) were calculated for each VMAT plan. The differences between CT CT vs. CBCT CT were similar to those between CT CT vs. CBCT CBCT for HN VMAT plans. However, the differences between CT CT vs. CBCT CT were larger than those between CT CT vs. CBCT CBCT for lung VMAT plans. Especially, the differences in D 98% and D 95% of lung target volume were statistically significant (4.7% vs. 0.8% with p = 0.033 for D 98% and 4.8% vs. 0.5% with p = 0.030 for D 95% ). In order to calculate dose distributions accurately on the CBCT images, CBCT density curve generated with full scatter condition should be used especially for dose calculations in the region of large inhomogeneity.
INTRODUCTION 1)
On the strength of image-guided radiation therapy (IGRT), it has been possible to deliver more conformal prescription dose to the target volume, as well as reduce dose to normal tissue, resulting decrease in complications due to radiation therapy [1] . Kilo-voltage cone beam computed tomography (kV CBCT) which is one of IGRT systems, generates 3-dimensional volumetric images of a patient with a single gantry rotation before or after treatment [2] . With this volumetric image set, patient setup can be identified whether it is same as the simulation setup or not, by registering planning computed tomography (CT) image set. Patient setup can be corrected with information acquired by kV CBCT image set, thereby, the intended dose distribution can be delivered accurately [3] . Due to its superiority to the other imaging modalities, kV CBCT has been widely adopted in the clinic despite the increase of imaging dose to a patient [2] .
During radiation therapy, deformation or dislocation of organs sometimes occurs during fractionation of radiation therapy, which disturbs an accurate delivery of planned dose to a patient since a patient body is not rigid [4] . The kV CBCT is also a kind of CT image set, therefore, dose distributions can be calculated on the kV CBCT image set. If we can calculate dose distributions accurately on the CBCT with inhomogeneity corrections, the dosimetric effect caused by the deformation of patient body or slight anatomical changes in locations inside a patient body can be identified and considered during the course of radiation therapy [5] [6] [7] . Rong As recommended by previous study, we made a custom-made phantom which could consider full scatter of kV CBCT during acquisition of CT numbers [5, 6] . The accuracy of dose calculation on the CBCT images with kV CBCT density curve generated using custom-made phantom was compared to that with CT density curve using VMAT plans from the clinical point of view.
MATERIALS AND METHODS

Electron density vs. CT number
The custom-made phantom is shown in Fig.1 . For full scatter of CBCT x-ray, additional materials made of acrylic were added along craniocaudal direction.
The diameter and the longitudinal length of phantom were 18 cm and 30 cm, respectively. For the insertion of density materials of CIRS TM density phantom, a total of 9 holes were drilled in the central region of the phantom. The density curve with CT simulator (Brilliance CT Big Bore TM , Philips, Cleveland, OH, USA) was acquired using CIRS TM density phantom.
During acquisition of density curve for HN region, the values of kVp and mAs were 120 kVp and 300 mAs/slice while those were 120 kVp and 250 mAs/slice for abdomen region. The density curves for CBCT using On-Board Imager TM (OBI, Varian Medical Systems, Palo Alto, CA, USA) were acquired using both a CIRS TM density phantom and a custom-made phantom with same density materials of CIRS TM density phantom. The acquisition parameters were 100 kVp and 145 mAs for HN region and 125 kVp and 680 mAs for abdomen region. Full fan mode was used for the image acquisition with HN protocol while half fan mode was used with abdomen protocol.
Generation of VMAT plans
Computed tomography images of HN and chest regions of anthropomorphic phantom using planning CT simulator were acquired with same acquisition parameters as used to acquire the density curves. The CBCT image sets of HN and chest regions of the anthropomorphic phantom were also acquired using OBI system. On the CT images, various organs as well as virtual target volumes were contoured for VMAT planning. Nine HN VMAT plans as well as nine lung VMAT plans (a total of 18 VMAT plans) were generated with virtual target volumes. The detailed information of each VMAT plan is shown in Table 1 . For the optimization and dose calculation of VMAT Palo Alto, CA, USA) with high-definition multi-leaf collimators (MLCs) were used. The calculation grid was 2.5 mm. After generation of VMAT plans using CT images, dose distributions were calculated on the planning CT images as well as CBCT images. Structures contoured on the CT images were also used for the calculation of dose-volumetric parameters on the CBCT images.
Calculation of dose-volumetric parameters
For both HN and lung VMAT plans, mean, maximum and minimum dose to the target volumes were calculated. The dose received at 95% volume of target volume (D 95% ), D 98% and the volume irradiated by 95% of prescription dose (V 95% ) were also calculated for the target volume. For organs at risk (OARs) of HN VMAT plans, maximum dose to spinal cord, mean doses to both parotid glands, both submandibular glands and thyroid glands were calculated. For OARs of lung VMAT plans, maximum doses to spinal cord, ribs, heart and esophagus were calculated. For dose calculations on the CT images, density curve with planning CT simulator was used (CT CT ). In the case of dose calculations on the CBCT images, density curve with planning CT simulator (CBCT CT ) as well as density curve with CBCT (CBCT CBCT ) was used. In other words, 2 kinds of dose distributions were calculated on the CBCT images with 2 kinds of density curves.
Data analysis
The dose-volumetric parameters calculated on the CT CT were considered as references in this study. The percent differences in the values of dose-volumetric parameters between CBCT CT and CT CT as well as CBCT CBCT and CT CT were calculated. The percent differences were calculated as follows.
where, DV CBCT is a value of a dose-volumetric parameter calculated on CBCT images and DV CT is a value of a dose-volumetric parameter calculated on the CT images. The statistical significances of differences were investigated with paired t-test. Since the differences with positive and negative sign could be cancelled out, the absolute values of differences were acquired and averaged. The statistical significances of those differences in absolute values were also investigated with paired t-test.
RESULTS
Mass density and electron density vs. CT numbers
The electron density vs. CT numbers of planning CT simulator acquired with CIRS TM density phantom as well as those of CBCT with CIRS TM density phantom and custom-made phantom are shown in Fig. 2 . Similar to the previous study, considerable differences were observed among density curves [5, 6].
Changes in dose-volumetric parameters of head and neck VMAT plans
The calculated dose-volumetric parameters of HN VMAT plans on the CT CT , CBCT CT and CBCT CBCT are shown in Table 2 . To compare CBCT CT to CT CT , the largest difference was observed at the minimum dose to target volume, which was 17.9% (p = 0.001). Considerable differences were also observed in the mean dose to both parotid glands, however, those were expressed in percent values. The differences in Gy unit were only 1.2 Gy for right parotid gland and 1.0 Gy for left parotid gland. To compare CBCT CBCT to CT CT , the maximum difference was observed in the minimum dose to target volume, which was 18.2% (p < 0.001).
The average absolute values of differences in dose-volumetric parameters of HN VMAT plans between CT CT vs. CBCT CT as well as CT CT vs. CBCT CBCT are shown in Table 3 . Every difference between dosimetric errors with CBCT CT and those with CBCT CBCT was less than 1% showing minimal differences. In other words, the accuracy of dose calculation on the CBCT CT was not much different from that on the CBCT CBCT for HN VMAT.
Changes in dose-volumetric parameters of lung VMAT plans
The calculated dose-volumetric parameters of lung VMAT plans on the CT CT , CBCT CT and CBCT CBCT are shown in Table 4 . To compare CBCT CT to CT CT , the largest difference was observed in V 95% of target volume, which was 15%, however, that difference was not statistically significant (p = 0.117). The difference in D 98% and D 95% of target volume were -4.2% and -4.3%, respectively. To compare CBCT CBCT to CT CT , the maximum difference was observed in the maximum dose to right rib, however, that difference was not statistically significant (p = 0.088).
The average absolute values of differences in dose-volumetric parameters of lung VMAT plans between CT CT vs. CBCT CT as well as CT CT vs. CBCT CBCT are shown in Table 5 . Except the minimum dose to target volume and maximum dose to esophagus, every difference of CT CT vs. CBCT CBCT was smaller than those of CT CT curve vs. CBCT CT . The exceptional cases of the minimum dose to target volume and the maximum dose to esophagus were not statistically significant (p = 0.482 and 0.065, respectively). The magnitudes of differences in lung VMAT plans were larger than those in HN VMAT plans. The dosimetric errors of dose calculation with CBCT CT were reduced by using CBCT CBCT 
DISCUSSION
In this study, no considerable clinically relevant dosimetric differences were observed in VMAT plans for HN cancer while some considerable differences with statistical significances were observed in VMAT plans for lung cancer.
Since the differences in CT numbers of lung and dense bone materials were large as shown in Fig. 2 , it was expected large discrepancies in dose would be observed in the regions of very low or very high density tissue. Consequently, large differences were observed in lung VMAT plans which were calculated in the region of large inhomogeneity while small differences were observed in HN VMAT plans calculated in the region of relatively small inhomogeneity. The values of D 98% and D 95% of lung target volume in the CBCT CT were lower than the reference values which were calculated on the CT CT . Therefore, a potential risk to underestimate the delivered dose to lung target volume exists when calculating dose distributions on the CBCT CT . Furthermore, the difference in dose-volumetric parameters between CT CT and CBCT CBCT were smaller than those between CT CT and CBCT CT . The differences between CT CT vs. CBCT CBCT and CT CT vs. CBCT CT were not statistically significant (p > 0.05) except D 98% and D 95% , however, this might be due to the small sample size to acquire reliable p values in this study (9 cases). By utilizing a large sample size, further analysis is needed and this will be done as a future work.
As recommended by previous studies, we made a phantom to apply full scatter of x-ray of CBCT in order to acquire an accurate relationship between CT number and electron density [5, 6] . Although the accuracy in dose calculation was improved, differences between the values of dose-volumetric parameters calculated on CT images and CBCT images still existed. This uncertainty in dose was due to the poor image quality of CBCT [8] . Although evaluations of dose distributions without this uncertainty are not possible when using CBCT images, the discrepancy in dose between CT and CBCT could be reduced by using full scatter density phantom during acquisition of CT number to electron density curve, especially for sites with large inhomogeneity such as chest region.
In this study, we analyzed dose-volumetric parameters calculated with the AAA. The results could be different by using different dose calculation algorithm such as Acuros XB (Varian Medical Systems, Palo Alto, CA, USA). In addition, we used only 6 MV photon beam. An analysis with various energies of photon beams is needed. Further analysis with various dose calculation algorithms as well as various photon beam energies will be done as a future work.
Several studies investigated the changes in the clinically relevant dose-volumetric parameters when calculating on the CBCT images for VMAT technique [8] [9] [10] . Most of those studies acquired CBCT density curves using Catphan TM or used same density curve as CT density curve. However, it has been demonstrated that the use of Chaphan TM for dose calculation was not accurate due to Teflon [5]. Rong et al. modified CIRS TM density phantom by adding solid water phantom along craniocaudal direction to consider large cone beam geometry of CBCT [6] . Instead of adding solid water phantom, we used a custom-made phantom to generate density curve for CBCT. As shown in the results, the accuracy of dose calculation with density curve using that phantom was better than that with density curve of CT.
Conclusion
For accurate calculation of dose distributions on the CBCT images, a density curve for CBCT should be acquired with a density phantom possible to apply full scatter of x-ray of CBCT. From the clinical point of view, the differences in dose distributions in the region of low inhomogeneity with CBCT CT were not large compared to those with CBCT CBCT . However, those differences were large in the region of high inhomogeneity such as lung. For an accurate dose calculation on the CBCT images, CBCT density curve with full scatter condition should be used. 
